Abstract: Transition metal carbides are interesting materials with a singular combination of properties, such as high melting points, high hardness, good transport properties and relatively low costs, which makes them excellent candidates for several technological applications. The possible applications of NbC carbide remained unexplored as it was in the past expensive and available in limited volumes. In order to guide investigations of the applicability of NbC, a deeper understanding of the physical properties of this carbide is fundamental. In this review paper, key physical properties of NbC are compiled with emphasis on its chemical bonding, a careful description of the C-Nb phase diagram, the phases formed and the crystal structures. Thermal properties are discussed and correlated with the intrinsic and extrinsic features of NbC. Finally, elastic properties are discussed.
Introduction
Transition metal carbides are metallic compounds with a very unique combination of physical properties: high melting point, high hardness and high thermal and electrical conductivities. These properties make them suitable candidates for applications like cutting and grinding tools, hard electrical contacts, cylinder linings and diffusion-resistant thin-film coatings of microcircuit devices [1] . This combination of physical properties indicates a complex chemical bonding between the metallic element and carbon, and yet, the crystalline structure of the carbides is simple, typically of the NaCl type or hexagonal, as is observed for the carbides of the early transition metals Groups 4 (Ti, Zr, Hf) and 5 (V, Nb, Ta) [2, 3] .
Metal carbides have been extensively studied since the early 1960s, and the main characteristics of these materials can now be explained in view of their crystal structures and chemical bonding, although there are some phenomena relating to these carbides that are not fully understood until today. Transition metal carbides, such as TiC and WC, have remarkable technological relevance and are largely used in industry. Unlike other transition metal carbides, the technological use of NbC has been neglected over time, although this compound influences the microstructural evolution during the processing and final properties of steels and cast irons.
For instance, Llanos et al. [4] reported strain-induced NbC precipitation that resulted in softening retardation during the thermomechanical processing of a high-Mn twinning-induced plasticity (TWIP) steel microalloyed with Nb processed at 1000°C. Similar results were reported by Li et al. [5] studying another Nb-microalloyed TWIP steel after a sequence of heat treatments and cold rolling steps. For hypereutectic high chromium cast irons, Zhi et al. [6] reported that the addition of Nb led to the formation of NbC carbide during the solidification, reducing the carbon content in the liquid, which in turn resulted in carbide refinement and changes in the morphology of the M 7 C 3 primary carbide, which became more isotropic. Despite the emphasized importance of NbC in ferrous alloys, only recently, the use of pristine NbC or NbC-rich materials has gained attention. Woydt et al. [7] ascribed this late interest in NbC applications to its poor sinterability, which can be overcome by modern sintering techniques, such as spark-plasma sintering (SPS), hot pressing, etc. [7, 8] . These authors successfully sintered binderless NbC and Co bonded NbC (8% volume of Co) by hot pressing and spark-plasma sintering, respectively, and performed mechanical characterization, microstructural analyses and wear tests in different experimental conditions observing that both pristine NbC and bonded NbC-8% Co presented high wear resistance, which allow them to compete with several typical hard metals and ceramics.
Another potential application for NbC-based materials is electrical contact coatings [9] . Typically, electrical contacts are coated with a noble metal with very low electrical resistance, but with high costs and poor wear resistance. NbC is electrically conductive and in combination with its wear resistance is potentially suited for electrical contacts, which normally suffer fretting wear.
Nanocomposites of nanocrystalline (nc) metal carbides (nc-TiC, nc-ZrC), dispersed in an amorphous matrix (amorphous carbon or amorphous SiC) are under investigation, but a better performance was reported (lower resistivity) of NbC x /amorphous carbon nanocomposite films when compared to similar nanocomposite films. Cu/Nb composites are also under investigation, especially using non-conventional processing techniques (severe plastic deformation) and the design of microstructures (nanocomposites, functional graded composites, etc.) [10, 11] .
More recently, transition metal carbides started to be considered as candidates for electrochemical energy storage and conversion applications due to their electrochemical activities in several reactions of interest associated with their insignificant costs, when compared to Pt and Pt alloy nanoparticles widely used for these kinds of applications. These carbides, including NbC and NbC-based materials, have been tested as electrode materials in Li-ion and Na-ion rechargeable batteries, electrochemical supercapacitors and electrochemical reactions as hydrogen evolution reaction (HER), oxygen reduction reaction (ORR) and oxygen evolution reaction (OER). These electrochemical reactions are important for fuel cells and electrolyzers [12] . In these applications, a wide range of different nanostructures are under investigation, like hollow nanofibers, nanorods, nanopillars, nanotubes, hierarchical nanostructures, nano-clothes, MXenes(2D nanostructures obtained by etching MAXphases), among many others [12] [13] [14] .
The practical application of NbC in all areas mentioned above requires a strong background on its fundamental properties, which motivated us to prepare this manuscript to present a critical review of the physical properties of the NbC published in the literature. First, a short overview of the C-Nb phase diagram will be given in order to present the main phases of this system and their crystal structures. Then, an overview of the main features of the chemical bonding of these compounds will be given. Next the physical properties will be discussed beginning with the study on how the lattice parameter of the NbC varies with vacancy concentration followed by its thermal properties. Finally, the elastic properties will be discussed.
The C-Nb Phase Diagram
There are several versions of the C-Nb phase diagram published in the literature, both from experimental information [15] [16] [17] [18] , as well as from thermodynamic assessments using the CALPHAD (Computer Coupling of Phase Diagrams and Thermochemistry) protocol [19] [20] [21] [22] [23] [24] [25] . Some features of the C-Nb system are not completely understood, especially the order-disorder transformations present in this system. Smith et al. [17] critically reviewed the experimental information available on the C-Nb system and proposed the phase diagram shown in Figure 1 .
This diagram shows four different carbides: the γ-Nb 2 C with the hexagonal structure, which transforms to an ordered hexagonal phase, β-Nb 2 C, at lower temperatures, the NbC 1−x with a NaCl-type structure, which transforms to an ordered carbide Nb 6 C 5 at approximately 1050°C and the Nb 4 C 3−x carbide, which is very similar to the ordered phase of the C-V system, V 6 C 5 . The phase diagram presented in Figure 1 indicates that the γ-Nb 2 C carbide is formed through a peritectic reaction occurring at 3080°C. With decreasing temperature, the (Nb) + β-Nb 2 C boundary changes its curvature rapidly narrowing the homogeneity range of the β-Nb 2 C, and this phase can be considered a stoichiometric phase at temperatures below 1500°C. The crystalline structure of the γ-Nb 2 C belongs to the P6 3 /mmc space group (space group number 194) with the prototype structure of the W 2 C phase [17] . Its stacking sequence can be described as AbAb where A refers to the metallic atoms and b refers to the carbon atoms [2, 26] . The ordered β-Nb 2 C belongs to the P31m space group (space group Number 162).
The NbC 1−x carbide is formed by congruent melting at 3600°C, as shown in Figure 1 , and it has a wider homogeneity range when compared to the Nb 2 C. The NbC crystal structure is isomorphic to the NaCl (space group Fm3m; Number 225) which can be viewed as two interpenetrating fcc lattices (see Figure 2 ). In one of these sub-lattices, the positions are occupied by metallic atoms and in the other by carbon atoms. The stacking sequence of this phase can be described as AbCaBc, where A, B or C refer to the metallic atoms and a, b or c to the carbon atoms [26] . The atoms in this structure have octahedral coordination, and the carbon atoms occupy half of the octahedral interstices of the metallic sub-lattice [3] . At temperatures around 1050°C, there is a order-disorder reaction resulting in a carbide with stoichiometry Nb 6 C 5 and trigonal structure (space group P3 1 ) [3, 17, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . In this carbide, atomic planes with and without defects are stacked alternately [3] . The studies about the order-disorder reaction of the Nb 2 C carbides are incomplete [37] compared to the work done on the Nb 6 C 5 phase.
The presence of the Nb 4 C 3−x as the stable phase of the C-Nb system is a controversial issue. Smith et al. [17] in their review present experimental results where this phase appears to be a stable one. However, various other researches cited in the same paper were not able to verify the existence of this phase. It seems that this phase is formed through a peritectoid reaction between the NbC and Nb 2 C phases, as shown in Figure 1 . More recently, Wisenberger et al. [18] studied the V-C, Nb-C, Ta-C and the Ta-N binary systems using the diffusion couple technique, and their results show that the formation of this phase is very slow and is influenced by the crystallographic orientation of the Nb 2 C. In order to avoid some of these limitations, the authors decided to study the decomposition temperature with hot-pressed specimens with compositions in the range of 36.0-39.0 at. % C annealed at different temperatures up to 1650°C for 40 h. By using this method, the presence of the Nb 4 C 3−x phase was observed in samples annealed at 1547°C and was absent in samples annealed at 1602°C. The authors then suggested a peritectoid decomposition temperature of 1575°C and composition range between 40.1 and 40.7 at. % C. 
Chemical Bonding
The chemical bonding in transition metal carbides is of a complex nature with a covalent, metallic and ionic character. This fact explains the observed physical properties: high hardness and high melting points are properties typical of solids with ionic or covalent bonding, while thermal and electrical conductivity are characteristics of metallic bonding. The electronic structure of the transition metal carbides was extensively studied in [38] and in several other papers [39] [40] [41] [42] . It is firmly established in the literature that the main characteristic of the chemical bonding in transition metal carbides is a covalent bonding with hybridization of the 2p orbitals of the carbon atoms and d orbitals of the metallic atom [38] .
As already pointed out in the preceding section, in the NbC carbide, the metallic and non-metallic atoms have an octahedral coordination. For this reason, we can think of this octahedron as a construction unit of the B1 structure with a formula MX 6 (or equivalently, M 6 X), where M represents the metallic atoms and X the carbon atom. In the NbC carbide, these octahedra are connected through their edges, as shown in Figure 2 .
The valence shell of the Nb atom has partially occupied d orbitals (electronic configuration [Kr]4d 4 5s 1 ), and those orbitals are the ones that participate in the chemical bonding with the carbon p orbitals. The isolated Nb atom has degenerated d orbitals with the same energy. The bond formation between Nb and C can be pictured if we imagine that the metallic atom occupies the central position in the interior of the octahedron and the six carbon atoms approach the Nb in three mutually perpendicular directions. Given the symmetry of the d orbitals and considering the carbon atoms as negative point charges, some of the d orbitals interact more strongly with the carbon orbitals than the ones less favorably oriented. The orbitals d z 2 and d x 2 −y 2 are oriented according to the x, y and z axis where the carbon atoms are located, and the electrons in these orbitals are subjected to a greater repulsion caused by the carbon atoms [44] . This lifts the degeneracy of the d orbitals, and they separate into two energy levels: the orbital with higher energy are called e g orbitals and correspond to the d z 2 and d x 2 −y 2 orbitals, and the low energy orbitals are called t 2g and correspond to the d xy , d yz and d xz orbitals. The orbitals with e g symmetry of the Nb atom and some of the carbon p orbitals participate more actively in the chemical bonding, forming a hybridized pd σ bonding. The remaining Nb d orbitals form another kind of bonding, dd π . Therefore, it is possible to explain the physical properties of the transition metal carbides through an analysis of their chemical bonding. The pd σ bonds are very strong and highly directional and are responsible for the high hardness and high melting points. On the other hand, the dd π bonds, although with little contribution to the cohesion [38] , are responsible for the observed transport properties (electric and thermal conductivity). It should be noted that there is also some charge transfer of the metallic electrons to the carbon atom, which gives an ionic characteristic to the bonding. In the Nb 2 C carbide, the metallic bonding is more important and contribute more to the solid cohesion [38] .
Most of the studies on the electronic structure of the transition metal carbides are conducted with stoichiometric composition and do not consider the effects of vacancies. Experiments or theoretical studies concerning the effects of the vacancies on the electronic structure and bonding of the transition metal carbides are more scarce. It is known that the vacancies can distort the crystal structure and change the chemical bonding in the vicinity of these defects. Generally speaking, a higher vacancy concentration (or a lower carbon content) increases the number of the M-M bonds and diminishes the covalent character of the bonding [45] [46] [47] [48] . However, there are some results published in the literature that contradict this statement [49, 50] .
Physical Properties

Lattice Parameter
Experimental results [3, 29, [51] [52] [53] [54] [55] [56] [57] presented in Figure 3 indicate that the lattice parameter increases with the carbon content in a nonlinear manner. Gusev [3] discusses the results shown in Figure 3 considering the presence of vacancies in the carbon sub-lattice. He argues that vacancies present in the structure of the transition metal carbides break the translational symmetry of the lattice and induce a displacement of the atoms in relation to their positions in a perfect lattice. These displacements are not due to thermal vibrations and occur because of an asymmetric distribution of the chemical bonding in those regions and different bond energies [3] . The size of the octahedral interstice is smaller than necessary to accommodate the carbon atom without straining the structure and displacing the metallic atoms outwards. Once the vacancy is created, the Nb atoms atoms would be displaced towards the interstice, causing the lattice parameter contraction with higher vacancy concentration (lower carbon content). However, experimental studies [28, 32, 58, 59] show that the Nb atoms are displaced away from the vacancy, and if this were the only effect of the vacancy on the structure, the lattice parameter should increase for higher vacancy concentrations. Since this conclusion contradicts directly the results shown in Figure 3 , the displacement of metallic and nonmetallic atoms beyond the first coordination shell of the vacancies has to be taken into account. The carbon atoms have octahedral coordination; the presence of a carbon vacancy in the structure creates a geometric condition for the metallic atom to be displaced towards the interstice. However, this movement is restricted because of the C-Nb bond in the adjacent octahedron, and this bond is responsible for the observed displacement of the Nb atom, expanding the central interstice. In order to reconcile this observation with the fact that the lattice parameter decreases for lower vacancy concentrations, the atoms beyond the first coordination shell of the vacancy must be displaced towards the interstice, decreasing the lattice parameter as shown in Figure 3 . The displacement caused by the vacancies must extend through distances greater than the lattice parameter, and it is reasonable to assume that this perturbation decreases with distance. For a lower vacancy concentration, these displacement fields do not overlap, and the lattice parameter increases. For a higher vacancy concentration, the displacement fields start to interact, canceling each other, causing an expansion of the lattice parameter. As a result, a relationship between vacancy concentration and the lattice parameter would show a maximum, which is not evident in Figure 3 . This could mean that the attenuation of the displacement field extends through distances that allow them to be overlapped between them. The same behavior shown in Figure 3 was obtained by DFT calculations made by Zaoui et al. [60] when vacancies were explicitly taken into account.
The explanation above is a qualitative analysis of the experimental results. One also has to consider that the specimens always show some degree of inhomogeneity and might be composed of a mixture of different carbides leading to non-stoichiometry. If the specimen is composed of a mixture of different phases, the lattice parameter can be calculated as a weighted average of the lattice parameters of the different carbides present in the specimen.
Density
There is no systematic study concerning the density of the NbC carbide with chemical composition or temperature. The published data are calculated from measurements of the lattice parameter used to compare the density of sintered specimens with the theoretical value. Fortunately, there is a wealth of data published in the literature that allow some considerations about the NbC density to be made. The density of the stoichiometric NbC can be calculated from the following equation:
The atomic mass is given by:
For a stoichiometric composition, we have N C = N Nb = 4. Since there are no vacancies in the metallic sub-lattice and knowing the C/M ratio of the carbon and metal atoms, we can write:
The unity cell volume can be calculated from the data presented in Figure 3 . Using the least square method, an equation relating the lattice parameter with carbon content can be obtained:
where a is given in nanometers (nm). Empirical relations similar to Equation (4) can be found in the literature [17, 52, 53] . Finally, the NbC density can be calculated from Equations (3) and (4). Figure 4 shows how the NbC density, ρ, varies with the C/Nb ratio in comparison with the results of [61] . The results presented in Figure 4 show that the NbC density diminishes at first and then increases with the carbon content, passing through a minimum when x reaches approximately 0.78. The density range is relatively narrow, from 7.73-7.80 g/cm 3 approximately. For lower carbon concentrations, the influence of the lattice parameter on the density is more pronounced than of the mass of the carbide. It is interesting to note that the plot presented in Figure 4 shows a well-defined minimum, while the data shown in Figure 3 do not. Figure 4 also compares the calculated density with the experimental results (calculated using the lattice parameter measured from X-ray diffraction) published in [61] . The agreement between calculated and experimental values is acceptable considering the large errors associated with density measurements. Figure 5 shows how the NbC lattice parameter varies with the temperature using specimens with different chemical compositions as measured by X-ray diffraction. These results indicate that the lattice parameter increases linearly with temperature, and the chemical composition has little influence on this parameter, since all curves shown in Figure 5 have almost the same rate of increase in a with temperature. The most striking difference between the data shown in this figure concerns the results for the NbC 0.884 obtained by Elliot [51] and of the NbC 0.924 measured by Kempter [55] , which indicate the same lattice parameter at room temperature for these two compositions. The relative expansion of the lattice parameter with temperature, obtained by means of dilatometric measurements, ∆a/a, is shown in Figure 6 and confirms that the chemical composition has no influence on the lattice parameter variation with temperature.
Thermal Properties
Although the different measurements for the lattice parameter variation with temperature for the NbC carbide found in the literature are in good agreement, the published values for the volumetric thermal expansion coefficient measured by different authors are in poor agreement. The volumetric thermal expansion coefficient is defined as: The procedure employed to obtain α V involves the calculation of a derivative, which can amplify experimental errors. The most common error sources in these measurements are those related to the production of specimens with heterogeneous chemical composition and chemical composition changes during the tests (oxidation) [62] . Another source of error is the sintering of the specimens during the test when dilatometric methods are used to measure the thermal expansion. Figure 7 [62] shows that the volumetric thermal expansion coefficient of the NbC carbide varies in a nonlinear manner with the temperature and has an inflexion point at approximately 1000 K. The author did not mention the chemical composition of the carbide used for this measurement. The same work [62] presents some data concerning the variation of α V with changes in chemical compositions at 800 K (Figure 8) , and this result indicates that the thermal expansion of the NbC carbide increases with the carbon content. A completely different result is presented by Samsonov [63] (Figure 9 ), which indicates that the linear thermal expansion coefficient of the NbC carbide has a parabolic variation with composition. The author did not indicated the temperature at which those measurements were performed. It is clear from these comments that a systematic investigation of the thermal expansion of the NbC carbide is lacking in the literature. Since the most reliable information available about the thermal expansion of the NbC carbide is the measurements of the lattice parameter presented in [51, [55] [56] [57] , these data were used to calculate an average linear expansion coefficient, α L , defined as:
and the results are shown in Table 1 . The average thermal expansion coefficient of the NbC carbide is not independent of the chemical composition, although it is difficult to establish an exact relationship between them. Kempter and Storms [55] restricted the analysis of their results to temperatures up to 600°C and claimed that the thermal expansion coefficient increases with the carbon content. However, this relationship could not be verified for higher temperatures. Figure 10 shows the variation of the molar heat capacity with the temperature at constant pressure of the NbC 0.970 carbide. For high temperatures, above approximately 1200 K, the molar heat capacity varies almost linearly with temperature. For lower temperatures, it decreases rapidly. The chemical composition has little effect on this property. For different compositions and for temperatures up to 300 K, the molar heat capacity of the carbide appears to increase for larger carbon content, as shown in Figure 11 . 
Elastic Properties
Transition metal carbides are materials with high hardness and are extremely brittle, which makes the production of specimens with a complex geometry, such as the ones required for the mechanical tests, very difficult. For this reason, the mechanical properties of these materials are usually measured by ultrasonic methods with sintered or isostatically-pressed specimens [66] . In these tests, the Young modulus, E, and shear modulus, G, are calculated from measured longitudinal and transversal sound speeds in the materials, and other properties, like Poisson coefficient, ν, and bulk modulus, B, are calculated from these. The advantage of this combination of fabrication route and ultrasonic testing is that these tests require specimens with a simple geometry that can be easily obtained by sintering. However, the results will depend strongly on the porosity level attained, and reliable results require test specimens with porosity levels below 5% or 6% [66] . There is also the possibility of using monocrystals for these measurements [67] , but this is not a very common method given the difficulties in producing crystals of materials with high melting points from the liquid state. Either way, there are numerous results of mechanical properties of the transition metal carbides published in the literature, and Table 2 shows typical values for some of the elastic properties of the NbC carbide with different chemical compositions at room temperature. [56] It should be noted that the some of the mechanical properties presented in this section were taken from results published in the 1960s and 1970s. At that time, modern sintering techniques were not available, and specimens from these studies sometimes presented porosity levels around 5%. Nowadays, the use of sintering techniques like spark plasma sintering provides accelerated densification compared to regular sintering [68] , which makes the porosity a lesser problem. For instance, [69] indicates a porosity level of approximately 2%, even for binderless NbC. Therefore, the data below include the porosity level of the specimens to facilitate the comparison of the results obtained by different researchers.
Speck [66] , Brenton [56] and Jun [70] studied the variation of the Young modulus with temperature, and their results are shown in Figure 12 . The increase in temperature causes a decrease in the Young modulus for all chemical compositions. The results obtained by Brenton [56] and Jun [70] are very similar despite the difference in the chemical composition, which seems to confirm the earlier observation that the carbon content does not affect the Young modulus value. On the other hand, the results obtained by Speck [66] are lower than the results obtained by Brenton [56] and Jun [70] , probably due to a higher porosity level in the specimen. According to Brenton [56] , the relationship between temperature and the Young modulus can be described by the equation:
where b, T 0 and E 0T are constants. Using the data presented in Figure 12 for the NbC 0.950 and NbC 0.969 carbides and Equation (7), we can obtain the following values for the constants in the equation: E 0T = 473.443, b = 0.0584528 and T 0 = −0.358657. The effect of the temperature on the shear modulus of the NbC carbide was studied by Brenton [56] and by Jun [70] (Figure 12 ). The shear modulus decreases linearly with temperature, and the results obtained by these two authors are very similar. According to Brenton [56] , the relationship between the shear modulus and temperature can be described by the following equation:
where B 1 and B 2 are constants. The calculated values of the B 1 and B 2 constants are 194.439 and 0.0255038, respectively. The sudden drop observed in the shear modulus for temperature around 2100 K was attributed by the authors to grain boundary sliding [56] . The same sudden drop, although a less pronounced one, can be observed at the same temperature in Figure 12 for the values of the Young modulus. Figure 13 shows how the Poisson coefficient varies with temperature as measured by Speck [66] and Jun [70] . The results obtained by Speck [66] are systematically lower than the ones obtained by Jun [70] . Another difference between the results shown in Figure 13 is that these results indicate opposing trends of the variation of the Poisson coefficient with temperature. The full line in Figure 13 was calculated using Equations (7)- (9) below (which is valid for isotropic materials): The calculated values show an increase in the Poisson coefficient with the temperature, but the agreement with the experimental values is very poor. The observations concerning the mechanical properties made above indicate that further investigation is necessary in order to fully understand the effects of porosity and stoichiometry.
Finally, the bulk modulus can be calculated from the values of E and G using the following equation: Figure 12 indicates that the bulk modulus decreases with temperature, and the calculated values show an acceptable agreement with the experimental values.
More recent results of the elastic properties of the NbC were compiled by Kurlov [71] (Figure 14 ) as a function of the C/Nb ratio. The dependence of the shear modulus, G, and the Poisson coefficient, ν, is given by (y is the C/Nb ratio):
G(y) = −709.1 + 1899.1y − 1000.8y 2 [GPa] 
Conclusions
The C-Nb binary system presents at least 02 different stable carbides: the cubic NbC carbide and the hexagonal Nb 2 C carbide. Both phases shows a great stoichiometric deviation due to the presence of carbon vacancies in the crystal structure. It is known that an ordered phase exists in this system, but the temperatures at which the order-disorder transition occurs have not been accurately determined.
The chemical bonding in the NbC carbide is very complex with a prevalent covalent characteristic, but also showing a metallic and ionic characteristic. The analysis of the bonding in this material allows an explanation for the remarkable combination of physical properties.
The lattice parameter of the NbC carbide varies non-linearly with its chemical composition, increasing as carbon content increases. The effect of vacancies on the lattice parameter is a complex phenomenon and involves the analysis of the displacement fields generated by vacancies.
The variation of the lattice parameter of NbC carbide with the temperature is rather insensitive to chemical composition changes. However, the literature shows conflicting results regarding the thermal expansion coefficient, and a systematic study of this property is needed in order to firmly establish this conclusion.
The mechanical properties of NbC carbide are determined from the measurements of the speed of sound in sintered specimens. The mechanical properties are strongly dependent on the specimen porosity, making it difficult to determine the intrinsic values of these properties and, also, their dependence with temperature and stoichiometry.
